In the News...

The Solar Activity
Cycle
The Sun varies from an
“inactive” to “active”
state. When “active”
there’s lots of solar
flares, many sunspots,
and a larger, hotter
corona. The activity
cycle is composed of 2
sub-cycles lasting 11
years each, for a total
1995 cycle length of 22 years

X-ray emission from the solar corona as seen by the Yohkoh
(“sunbeam”) solar observatory
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Stars

e Definition

¢ General properties of Stars: temperatures, radii, luminosities,
compositions, masses

eEnergy Generation

e Stellar interiors

e Stellar Atmospheres
e The Sun
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What is a star?

A star is a gravitationally bound accumulation of matter. It has
these properties:

ehydrostatic equilibrium - weight of outer layers supported
by gas pressure from inner layers

ecnergy generation - stars produce energy in their interiors

ecnergy equilibrium - internal energy generated in the interior
exactly equaled by amount of energy released from surface

These properties are defined by the equations of stellar
structure, which are used to calculate stellar models.
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Spatial Distributions

Stars are not uniformly distributed in space
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Stars are not
uniformly
distributed in
galaxies
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Neighborhoods

center of the Orion Nebula

Stars form where gas and dust
are most dense

typically stars form in groups
called clusters

Stars move - older stars may
move away from their
birthsites; stars can explode
out of a galaxy
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Observational Properties

Stars characterized by:

1. Brightness
Surface Temperature
Distance
Size
Luminosity
Mass
Composition

Of these the easiest to measure are 1 & 2
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The Solar Spectrum

Example: the sun

Solar Spectrum with absorption lines
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Notice that the dark lines m the solar spectrum correspond to the
ermussion lines of the vanous elements. This is because atoms can
abhgorh or emitt at the same wavelengths.
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Visible solar {lux emphasizing the continuum and
absorption line spectrum

Hotter stars look bluer, cooler stars
redder
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The Absorption Spectrum

Stellar spectra have dark bands called absorption lines
produced by photo-excitation in the cooler layers of the stellar
atmosphere just above the stellar surface.

The types of absorption lines depend on
e temperature (via the spectral distribution of photons)

® composition
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Common Spectral Lines

Common Spectral Lines (given in angstroms)
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Stellar Spectral Types

Spectral sequencing was first done in the late 19th century based on
stellar color and the strength of the absorption lines of hydrogen.

HD 12993
BO HD 158659
B6 HD 30584 sp. Type  Temperature
A1 HD 116608 0] > 30000K
A5 HD 9547 ; 8000-1
FO R =8 HD 10032 6000-8000K
F5 VIR BD 61 0367 5000-6000K
a SO D 28035 0 S0k
G5 Y A UL AR = HD 70178
KO U UM BN O HD 23524
K5 L1900 il : SAQ 76803
Mo 4 HD 260655
M5 Yale 1755

F4 metal poor HD 94028
M4.5 emission SAO 81292
B1 emission HD 13256

Eventually the relation between stellar temperature and spectral type was
recognized and the sequence organized: OBAFGKM
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Stellar compositions

Most stars are mainly composed of hydrogen (75% by mass) and
He (24% by mass)

Composition can be determined from measured relative depths of
stellar absorption lines, if the underlying stellar continuum is
known
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Broad-Band Photometry

Stellar temperatures/spectral types can be characterized by
comparing the brightness of the star as seen through two or
more filters.

3 standard filters: U, B, V

Stellar color defined as the brightness difference in
magnitudes seen (usually) in B & V filters: color=B-V

magnitude is related to flux as
B-V=-2.5 log (fg/f,)

where f; and f, are the fluxes seen through the B and V filters

Recall: numerically higher magnitude= fainter
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Apparent and Absolute Brightness

Astronomers define Absolute Magnitude to provide a
measure of intrinsic stellar brightness

m-M = 5 log (D/10)

where M is the absolute magnitude, m the apparent
magnitude and D the distance to the star in pc.

m-M is called the distance modulus

Luminosity Class Description

Lab Supergiant

11 Bright Giant

11 Giants

A% Subgiants

W Dwarf {Main Sequence)
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Extinction and Reddening

Intervening gas and dust in front of a star causes:
e extinction: star looks fainter
e reddening: star looks redder

If the temperature of the star can be determined (by assessment
of the absorption lines, for eg.) then the observed spectrum can
be compared to the real spectrum for that temperature and the
reddening determined.

After the reddening is determined, the amount of extinction can
be determined, and de-reddened & un-extincted brightness can
be derived.
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Stellar Distances

Star distances can be determined in a number of ways.
Most accurate is via stellar parallax

Difficult to do for very distant stars...

Astronomy 191 Space Astrophysics




Stellar Masses

Most accurate measures of stellar masses come from
observations of binary stars

If absorption lines from both stars seen (double-lined
spectroscopic binary) then the radial velocities of both stars
(i.e. velocity along the line of sight) around the orbit can be
measured. The relative amplitudes of the radial velocity curves
for the 2 stars give the mass ratio.

The total mass can be derived from the measured period using
Kepler’'s 3 law.
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Circular orbit
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Stellar Sizes

Stellar radii can be measured using eclipsing binary stars
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orbital speed of the stars+relative separations => stellar radii
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Scaling Relations

The equations of stellar structure and observational properties
show that the luminosity and radius of a star are related to the
mass of the star

L «M<; typically a=3-4.3
R «M?; typically p~1

These relations will change as stars age

For the Sun: L=4e33 ergs/s, R=6.96E10 cm, M=2e33 gm
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Energy Generation: Contraction

Kelvin-Helmhotz contraction: as a self-gravitating body
contracts, it heats up and emits radiation

Virial Theorem: total energy (Thermal Energy + Gravitational
Energy) of a collection of matter bound together by gravity is
1/2 the gravitational potential energy

for an ideal gas

2 .
e GM= ] r,<r,, AT increases
AT (ry —ra) = _
" Y 3nkTry—r

not hydrostatically stable, but important for contraction
phases of stars and Jupiters
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Nuclear Energy Generation

Stars are long-lived: age of earth a few billion years, so Sun must
have existed for at least that long

FW Aston (1920): mass of He < mass of 4 H
Eddington (1920): perhaps conversion of H to He in sun?

Means of stellar energy generation (in solar-type stars) solved in
1938 by Hans Bethe. Bethe showed that fusion of H in stellar
core can provide enough energy to match observed luminosities

Requires high temperatures and densities to overcome the
Coulomb barrier

mass(4p) - mass(He)=0.03m,;
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Reaction Times & Rates: PP chain

10° > 10° .
T )*) ergs s' gm-

£,y = 2.5 X 10%}{1(?)%@(—33.3(
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Alternate Paths

p-p reaction

C e @+ @

1y 14 IH Electron .42 MeV Branch 1
! (max) (85 percent)
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"pep" reaction v
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Branch 3
(0.01 percent)
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Other Alternatives: CNO cycle

Stars which contain carbon, nitrogen
& oxygen can convert 4p to He via a
nuclear reaction in which CNO acts
as a catalyst

Electron (+)

@ Photon
’ Neutrino

10°

= 9.5 x 10%pXXeo(—) exp(~152.3(—-)") [REECERNI
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Comparison: PP vs. CNO

PP chain
— CNOQ cycle
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PP chain dominates at low temperatures; CNO cycle dominates at high temperatures
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Stable Equilibrium

Because the energy production rates depend sensitively on temperature

e compressing star produces more energy in the core since as
volume drops, pressure and temperature increase (assuming ideal
gas laws apply): star will try to expand

e if the star expands, core temperature drops: less energy
produced, star will shrink.

¢ as long as the H lasts, star can maintain hydrostatic equilibrium

¢ By Virial theorem, stellar temperature related to stellar mass, so
more massive stars have higher core temperatures, and will generate
energy via CNO cycle (which produces more energy at higher T’s)
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Stellar Interiors

Envelope

core

Energy produced in
the core needs to be
transported through
the envelope to the
star’s surface
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Energy Transport

Energy from the core gets to the surface via one of two ways:

¢ bulk mixing of hot and cold plasma (hot gas rises through
cold gas)

¢ via photons

convection

radiative transport
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Interior Differences

Thermal gradient in the interior determines if the plasma is stable
against convection

Lower-mass stars: have radiative cores and convective envelopes

Higher-mass stars: have convective cores and radiative envelopes
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Stellar Atmosphere

tﬁ*%*‘w LU This sequence shows
SR SR AREs.  emission from the sun
ranging from the
photosphere to a few
thousand kilometers
above the photosphere,

around a sunspot.
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Atmospheric Layers

The photosphere is the lowest layer of the stellar atmosphere; it is
where all the radiation from the star emerges from the interior.
Temperatures typically 2000-30,000 K

In low mass stars:

Just above the photosphere is the chromosphere. In the sun the
chromosphere is 2000-3000 km thick. Temperatures typically a
factor of 5 or so higher than the photosphere

Beyond the chromosphere is the corona, a low-density region of very
hot (T~2 million K) gas extending out a stellar radius or so.

In high mass stars (M>10 Msun):
Beyond the photosphere is the stellar wind
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High Energy Processes

Red: X-rays

Violet: 2.2MeV
emission from
neutron
capture

Blue: matter-
antimatter
annihilation

Jul 22 2002 20:47:30
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Types of Activity

Stellar atmospheric activity produces
® sunspots
e coronal loops & prominences

e stellar flares
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Dynamo Effect

T =P/nk

P=P, +P,

P, = BY8x

Magnetic heating thought to be the
dominant heating mechanism in
the corona (as the B field varies.
the size and temperature of the
COrona varies too).

Rotating stars with convective interiors generate
magnetic field via the “dynamo effect” similar to the
earth’s magnetic field
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Differential Rotation

differential rotation: rotational period varies with
latitude ({ period shortest at equator)

B field...
Raovation plavs an
. impartant role in
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penerating B
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Magnetic Effects

Changing local magnetic field strength produces a number of observable
effects:

¢ intense magnetic field suppresses convection to photosphere:
sunspot. Usually occur in pairs as the footprint of a magnetic loop.

e magnetic field lines in the corona can get twisted, produce high
magnetic density. Lines of opposite polarities can connect releasing
large amount of energy to heat the corona to temperatures of
millions of degrees

+ Energy

B field lines
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Effects on the ISM

The high temperatures of the corona provide enough energy
to gradually drive matter away from the sun, especially
where the magnetic fields are weak.

Interaction of the
solar wind (and

the sun’s motion
INTERSTEL

7 through the
. / Galaxy) with the
| ISM forms the

T PRNEER 10 heliosphere.

TERMINATION
SHOCK

INTERSTELLAR
IONS

SPACECRAFT LOCATIONS ~1995
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Mass Differences

eIn hydrostatic equilibrium, gravitational

oD e force inward = pressure force outward
ecore pressure (hence temperature) set
by weight of material above the core

Nuclear Energy Generation Rate

10 15 20 25 30 35

Temperature (Million K)
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more massive star has higher core

temperature Astronomy 191 Space Astrophysics




Low vs. High Mass

As you add mass to a star” the following happens:

® more energy is generated in the core: more energy must be
lost from the photosphere

® more energy is deposited into interior, increasing internal
pressure and temperature

¢ More mass = higher surface temperatures and larger radii

“non-degenerate
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Interiors of Massive Stars

Massive stars have radiative
envelopes:
® no convection to surface
¢ no dynamo
¢ no magnetic activity?

Massive stars should not have magnetically-driven
activity cycles via the dynamo effect

(but perhaps magnetism produced by the accretion of the IS field?)
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Photospheres

H lines weaken (because H is ionized by the large stellar flux

HD 12993
HD 158659
HD 30584
HD 116608

Balmer lines of H (N-2 transition)

He lines

Temperature
> 30000K
12000-30000K
§000-12000K
6000-8000K

4000-5000K
2000-4000
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Winds

At the photospheric temperatures of O & B stars, spectrum will
peak in the UV (Wien’s law)

UV photons carry considerable momentum

Absorption of UV photon momentum results in an outward
motion of gas atoms away from the photosphere: A Stellar Wind
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Characteristics of Winds
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High Energy Emission from Massive Stars

Lack of magnetic dynamo => lack of magnetic activity => little
high energy emission?

THE ROSAT X-RAY SKY AROUND ORION THE OPTICAL SKY AROUND ORION

Actually massive stars
KL are relatively bright X-ray
k. 48 Bt sources (and perhaps

-

., gamma-ray sources, or
sources of cosmic rays)

Emission produced by

shocks created by the
radiatively-driven wind

. o .
-

e Max=Planck—Institut fiir extraterrestrische Physik s e Max—Planck=Institut filr extraterrestrische Physik
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Radiative Instabilities and Shocks

Radiative driving is unstable: material farther from the
photosphere will be shadowed by inner material and feel a lower
driving force, eventually colliding with faster-moving inner
material.

Collision of the outer and inner wind material will produce strong
shocks in the wind

at velocities of winds,
(~10 km/s)
temperatures of

for an ideal gas and a strong shock(shock velocity >> sound speed ¢ ). mi | I|OnS Of deg rees can
=5/4 M 2
Tpus[—shuuk D 4 M Tprc—shmk be p rOd u Ce d ]

where M is the Mach Number M=V ./c,
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Other Collisions

Winds can also collide with:
enearby circumstellar clouds
ethe wind from a nearby (companion?) star

Which can also produce X-ray emission

X-ray Image of Eta Carinae (green/white),
compared to an HST optical image
(red/blue). X-rays are produced by
interaction of ejecta with surroundings, by
wind colliding with the wind from another
star, and probably from the unstable winds
themselves
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Importance of High-Energy Observations

e X-rays can penetrate through large amounts of absorption

e X-ray emission can have a significant influence on the
circumstellar environment of young stars through
photoionization

e Stellar activity in low-mass stars gives a better idea of coronal
activity

e X-rays from high mass stars give an understanding of the
structure of the wind, and the wind dynamics

eFinding hidden binaries via wind-wind collisions

eParticle acceleration at shock fronts can produce cosmic rays
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Probing Star Formation

X-ray image of Orion Nebula
cluster reveals active
dynamos in young stars
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Dynamos in Massive Stars?

Solar Coronal Loops

Lines form at unexpectedly
high densities

HETG emission line spectrum of the massive star Zeta Ori
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The Cat’s Eye
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QY Car eclipse

Second Contact
(optical and X-ray)
X-ray emilling zone
on White Dwarf

Motion of
W hite Dwarf
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Secondary Star

Orbital Phase
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